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Introduction
Rational design and synthesis of acyclic or cyclic Schiff base metal complexes are of permanent interest [1] [2] [3] [4] , mainly due to their applications in numerous fields of chemistry varying from catalysis [5] [6] [7] [8] [9] [10] [11] [12] to the synthesis of pharmaceuticals [13] [14] [15] [16] [17] [18] , including new functional molecular-based materials [17] [18] [19] [20] [21] [22] with second-order nonlinear optical (NLO) properties [23] [24] [25] [26] [27] [28] [29] . In the latter case, the non-centrosymmetric crystal structure is a critical consideration for the design of materials with large secondorder nonlinearities although the chiral enantiopure compounds tend to crystallize in a non-centrosymmetrical space group [30] . In general, Schiff base ligands are easily available owing to low cost starting materials and facile synthesis. Furthermore, they show stability, high tunability and flexibility that could enable the tuning of the electronic properties and steric demands of their metal complexes [31, 32] . The unsymmetrical acyclic Schiff bases are obtained by stepwise condensation of formyl-or keto-group and primary diamine precursors, whereas the mono-condensation of an appended O, N or S donor groups containing primary amine with aldehydes or ketones leads to the formation of tridentate Schiff bases, also called -half units‖ [33, 34] , through the imine, O, N or S donor groups and the carbonyl oxygen [35] [36] [37] . Their deprotonated forms, the anionic O,N,X-donor Schiff bases (X = O, N, S) can be considered as -pincer-like‖ ligands [33] . They could, therefore, serve as good chelating ligands for transition metals with, for instance, potential applications in catalysis [38, 39] .
Along this line, in pursuit of our research work aimed at designing new pushpull unsymmetrical Schiff base complexes exhibiting NLO properties [26] , we were interested in the preparation of novel O,N,N tridentate metalloligands by reacting the three chiral ferrocenyl-containing -diketones that we reported previously [40] , namely, ). Herein, we wish to describe the synthesis, the full analytical and spectroscopic characterization, and the electrochemical behaviour of the three chiral ferrocenyl-containing ketones 2a-c, as well as some mechanistic aspects of their formation. In addition, the crystal and molecular structures of the monometallic complex 4-ferrocenyl-pentane-2-one (2a) and of the binuclear derivative 1,3-bisferrocenyl-butane-1-one (2c) were determined by X-ray single crystal diffraction analysis. The electrochemical behaviour of this latter complex 2c
was also investigated by cyclic voltammetry.
Experimental

General experimental methods
Reactions were performed under dry dinitrogen atmosphere using standard Schlenk techniques. Solvents were dried and distilled under dinitrogen by standard methods prior to use. All chemicals were purchased from commercial sources and used without further purification. Compounds 3-(1-ferrocenylethyl)-pentane-2,4-dione (1a), 
1-(4-Methoxyphenyl)-3-ferrocenylbutane-1-one (2b)
1-(4-Methoxyphenyl)-2-(1-ferrocenylethyl)-butane-1,3-dione:
Crystal structure determinations
X-ray data for compounds 2a and 2c were collected at 150(2) K on a Bruker APEXII AXS diffractometer, equipped with a CCD detector, using Mo-K radiation ( = 0.71073 Å). For each compound, a crystal of appropriate size was coated in Paratone-N oil and mounted on a Kaptan loop. The loop was transferred to the diffractometer, centred in the beam, and cooled by a dinitrogen flow low-temperature apparatus that had been previously calibrated by a thermocouple placed at the same position as the crystal. The structures were solved by direct methods using SIR97 [41] , and then refined with full-matrix least-square methods based on F 2 (SHELXL-97) [42] , with the aid of WINGX [43] , with all non-hydrogen atoms being refined anisotropically. The hydrogen atoms were included in calculated positions and were refined as riding atoms with isotropic displacement parameters. A summary of the details about crystal data collection parameters and refinement are documented in Table 1 . Additional crystallographic details are in the CIF files. ORTEP views are generated using OLEX2
software [44] . 
Results and Discussion
Syntheses and characterization
The syntheses of the organometallic ketones 2a-c were carried out in refluxing toluene, upon reacting the chiral -diketones 1a-c with an equimolar amount of ethylenediamine for 12 h, using glacial acetic acid as catalyst (see scheme 1).
Compound 2a was isolated as a yellow powder, while compounds 2b and 2c were obtained as a yellow oil and a red powder, respectively, in yields ranging between 71 and 31%, depending on the R substituent. This suggests that the steric more than electronic effect plays a significant role in the formation of the products, for which the yield decreases when the steric hindrance of the substituents of the starting diketone reagents increases. The electron donating abilities of both 4-methoxyphenyl and ferrocenyl groups are known to be similar [45] . The three organometallic ketones are air and moisture insensitive, thermally stables, and they are very soluble in solvents like dichloromethane, thf, ethyl acetate, but slightly soluble in hexane and diethyl ether.
Scheme 1 Synthesis of compounds 2a-c
Reactions were also performed in CH 2 Cl 2 as solvent, giving similar yield of 2a (70%), while 2b and 2c could not be isolated in yields higher than 10%. In addition to ketone 2a (m/z = 270), the formation of 2-methyl-2-imidazoline (m/z = 84) [46] was also observed by GC-MS as the second reaction product. Under refluxing toluene conditions, the imidazoline derivative was not detected owing to its lack of thermal stability.
The compositions and identities of 2a-c were deduced from satisfactory elemental analysis, FT-IR, multinuclear and multi-dimensional NMR spectroscopy (see Section 2.2 for details). Additionally, the crystal and molecular structures of compounds 2a and 2c were solved by X-ray diffraction analysis.
The solid-state FT-IR spectra of compounds 2a-c exhibit similar features indicating analogous molecular structures. One of the weak C-H stretching absorption bands in the 3100-3090 cm -1 range can be observed for the three compounds. On the other hand, the intense absorption bands observed in the 1714-1663 cm -1 range are due to the (C=O) stretching mode of the carbonyl group. and 2c, respectively.
X-ray crystallographic studies
Perspective views of compounds 2a and 2c with the atom labeling scheme are shown in Crystal cell of 2a and 2c contain both enantiomers with the (R) and (S) configuration for the chiral C(11) atom. Both enantiomeric forms are related by a symmetry plane with inversion of the configuration at each carbon atom. Fig. 1 Molecular structure of 2a with the atom numbering schemes. Hydrogen atoms have been omitted for clarity. Thermal ellipsoids are drawn at 50% probability.
Table 2 Selected bond distances (Å) and angles (°), and torsion angles (°) for 2a
Bond distances C(10)-C (11) 1.515(9) C(11)-C(12) 1.525(9) C(11)-C (13) 1.523(9) C(13)-C (14) 1.512(9) C(14)-C (15) 1.503 (9) C ( clarity. Thermal ellipsoids are drawn at 50% probability.
Table 3 Selected bond distances (Å) and angles (°), and torsion angles (°) for 2c
Bond distances C(10)-C (11) 1.494 (7) C(10a)-C(11a) 1.498(7) C(11)-C (12) 1.522 (7) C(11a)-C(12a) 1.540(7) C(11)-C (13) 1.533 (7) C(11a)-C(13a) 1.541(7) C(13)-C (14) 1.504 (7) C(13a)-C(14a) 1.529(7) C(14)-C (15) 1.471 (7) C(14a)-C(15a) 1.468 (7) (Fe1), 179.38º (Fe2) for 2c, respectively, indicating that there is a Fe(II) oxidation state in each metallocene [47] .
On the other hand, the measured distances of C (14)-O(1) and C(14a)-O(1a) bond lengths of compounds 2a (1.210(9) Å) and 2c (1.227(6) and 1.223(6) Å), respectively, are typical of a C=O double bond [48] . As expected and reported previously [40] , in the two crystallographically independent molecules of 2c, the fragments O(1)-C(14)-C (15) and O(1a)-C(14a)-C(15a) are almost co-planar with their respective attached cyclopentadienyl ring C (15) ... C (19) and C(15a) ... C(19a) with dihedral angles of 5.16° and 5.12°.
The crystal structures of 2a and 2c, exhibit short intermolecular contacts. For instance, intermolecular C-H···O hydrogen bonds (Table 4 ) generate a stair-type structure in compound 2a, and a chain structure in compound 2c (see Fig. 3 ).
Fig. 3 Intermolecular hydrogen bond interactions forming a stair-type structure in 2a
(left), and a chain structure in 2c (right) 
Mechanistic aspects
The mechanism showed in Scheme 2 is similar to that described by Angelov [46] , where the same specific fragmentation of an enamine was observed. In the present case, we consider two routes for the formation of the enamine: (i) the direct formation of the enamine [I], owing to the proton acidity of the tertiary central carbon of thediketone 1 (a route that has been suggested in aqueous medium catalysis [49] ), and (ii) the imine [II] formation and its subsequent conversion to enamine [I] . This imineenamine tautomerism is favored by stabilization through conjugation of the carbonyl group and the carbon-carbon double bond [50] [51] [52] [53] . In both cases, the nucleophilic attack of the amine group would be the rate-limiting step of the reaction. Subsequently, an This value is identical to that found for acetylferrocene [54] , suggesting that there is no electronic interaction between the two ferrocenyl moieties separated by four single bonds
Conclusions
In the present work we describe the reactivity of chiral ferrocenyl-containingdiketones toward ethylene diamine and the full analytical and spectroscopic characterization of the resulting monoketonic products. In addition, the mononuclear complex 2a and the bimetallic derivative 2c were authenticated by means of X-ray diffraction analysis. The three starting chiral -diketones follow a similar fragmentation pathway according to a domino sequence of intramolecular Michael addition and retroMannich rearrangement, giving rise to their respective deacetylated counterparts and formation of 2-methyl-2-imidazoline, a class of compounds that have attracted considerable attention in recent years in the development of compounds with pharmacological properties [55] .
